Abstract: We present a novel method for in situ refractive index measurement of scattering samples using a needle device. The device employs a fiber-based reflectance refractometer and coherence-gated detection of the reflected optical signal that eliminates scattering-dependent backreflection contributions. Additionally, birefringence changes induced by fiber movement are neutralized by randomizing the source polarizations and averaging the measured Fresnel reflection coefficients over many incident polarization states. Experimental measurements of Intralipid scattering solutions are presented and compared with Monte Carlo simulations.
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Introduction
Refractive index measurement is important for a variety of scientific, medical, and industrial applications.
[1] In biological systems, for example, refractive index variations are related to the protein and lipid concentrations in tissue[2] giving rise to variation of up to Δn=0.11 among sub-cellular structures. [3, 4] When considered along with the known morphological and molecular changes associated with disease progression, such as changes in protein concentration, the bulk refractive index may serve as a diagnostic indicator. In breast tissue, for example, recent research has shown that significant refractive index differences exist between the healthy adipose tissue comprising the majority of the breast and the diagnostically important epithelial and tumor tissues.
[5] Knowledge of the bulk refractive index in these tissues is also key to understanding scattering processes that may be used for coherent [6] and diffuse tomographic imaging. Indeed, the spatial distribution of bulk refractive index in the breast has a significant effect on the reconstruction of diffusion tomography images due to the inherent dependence of the radiative transport equation on refractive index variation. [7] [8] [9] [10] [11] Optical coherence tomography and low coherence interferometry (LCI) have been used extensively to measure the group refractive index of scattering samples by exploiting the sensitivity of interferometric pathlength measurements. [12] [13] [14] [15] Measurement of the optical pathlength l through a sample with a known depth d yields the group refractive index n g = l / d. In addition to its use for bulk measurement, this method has been combined with direct and computed tomography techniques to form cross-sectional refractive index images. [16] [17] [18] In addition to precise pathlength sensing, coherent techniques may also be used map reflection amplitudes, a capability that enables the implementation of reflection refractometry techniques. Refractometry in scattering samples, however, is complicated by backscattered power from the sample, requiring a priori knowledge of the sample scattering coefficient. [19, 20] Spatiotemporal gating of the reflector position using low-coherence interferometry can eliminate this requirement and allow for measurement of the reflection intensity without regard for backscattering from the sample.
Despite the importance of tissue refractive index for imaging and diagnostic applications, no needle-based device capable of in situ refractive index measurement of scattering samples has been constructed at a size scale appropriate for clinical application. In this paper, we build upon previous needle measurement work [21] to develop a novel needle-based refractive index measurement technique. The device uses a simple fiber-based delivery system coupled to the sample arm of a low-coherence interferometer. This configuration enables coherencegated reflectometry measurement of scattering samples at the probe-sample interface.
Materials and methods
The measurement device is a fiber-optic needle probe [22] connected to an LCI detection system consisting of SMF-28 fiber (NA = 0.11; Corning, Inc., Corning, New York) fused to a short length of graded-index multimode fiber (NA = 0.275, aperture = 62.5 µm; GIF625, ThorLabs, Newton, New Jersey). The micro-optics are enclosed within a 20-gauge stainlesssteel hypodermic tube (HTX-20R, Small Parts, Inc., Miami Lakes, Florida) having a manufacturer-specified outer diameter of 0.914±0.013 mm and inner diameter of 0.457±0.051 mm. The tube end is ground to an angle of φ i = 36.6°, as measured by light microscopy (Fig.  1) . Finally, the end of the needle is filled with optical cement (NOA 65, Norland Products, Cranbury, New Jersey) and cured to form a flat surface. The outgoing beam maintains a spot size under 10 µm up to a distance of approximately 36 µm beyond the face of the multimode fiber, as calculated from
where α = 2.93×10 -2 µm -1 is the focused beam angle, λ = 1.3 µm is the wavelength, r s is the spot size, and n 0 = 1.5 and n 1 = 1.42 are the estimated refractive indices of the fiber and optical cement, respectively. This device was coupled to the sample arm of the polarization sensitive LCI (PS-LCI) system shown in Fig. 2 via the SMF-28 single-mode optical fiber. The system included an SLD source (MenloSystems, Martinsried, Germany) with 1300 nm center wavelength and 75 nm bandwidth that yielded 5 mW of power incident on the sample and an axial resolution of 10 μ m. A rapid-scanning optical delay (RSOD) performed fast axial scanning at 400 Hz. A polarization controller (P2) was used to align the RSOD polarization state with the state of maximum diffraction efficiency. A wavelength-independent lithium niobate polarization modulator (EOSpace, Inc., Redmond, Washington) consisting of a waveguide with singlemode fiber input and output connectors, and a modulator controller, was also included in the system. Optical circulators were used to avoid a double-pass through the modulator and enable dual-balance detection.
To perform refractometry measurements, the reflection intensity was measured at the interface between the needle tip optical cement seal and the tissue with which it was in contact. This measurement was performed via analysis of the LCI axial response averaged across both photodetectors. The reflection profile was windowed to include the axial region of the interface and exclude signal scattered from the interior of the sample, eliminating the need for a priori knowledge of the sample absorption and scattering properties, as is typical in reflection refractometry of turbid media. Fig. 1 . Light microscope images of the needle tip show (a) the angled cutting surface and (b) the tip sealed with optical cement. The device drawing (c) shows the single mode and gradient-index fibers, the optical cement used to secure them, and the cement-sample interface (arrow) where the reflection amplitude is measured. The drawing is not to scale. Fig. 2 . Schematic of the PS-LCI system. Abbreviations: SLD, super luminescent diode; Pol., linear polarizer; Pol. Mod., polarization modulator; 90/10 and 50/50 fiber couplers; RSOD, rapid scanning optical delay; OC, optical circulator; P, polarization paddles; PBS, polarization beam splitter; P.D., photodetector.
In any handheld fiber-coupled probe, device movement is expected. In the case of this device, the polarization changes induced by this movement would likely induce significant reflection signal intensity fluctuations at the detector. This issue is addressed by introducing Re sin sin Figure 3 shows Monte Carlo simulations of the reflection intensity distribution over a uniform distribution of random polarization states. The results demonstrate that the use of mean reflection coefficients in this configuration is sufficient to accurately measure the sample refractive index. 
Results
To demonstrate refractive index and axial scattering measurements with this device, a set of scattering solutions were evaluated. One part Intralipid (10%) by volume was mixed with nine parts of a clear solution of glycerin and water. The ratio of glycerin to water was varied between samples, yielding solutions with different bulk refractive indices and uniform intralipid concentrations. Previously published refractive index values of these components are included in Table 1 . The manufacturer-specified refractive index of the optical cement at visible wavelengths is n 1 visible = 1.524. The cement refractive index at the wavelength of operation was found to be n 1 = 1.515 by measuring clear solutions of glycerin and water, which were compared to simulated values from Eq. (2) using a least-squares fit. The axial scan data obtained from the scattering solutions demonstrated the expected uniform scattering response and exponential amplitude decay (see Figure 4) . In each of the scattering solutions, N = 1×10 3 axial responses were measured over 2.5 s of acquisition time while the incident polarization was randomized. The maximum reflection intensity in the axial region of the reflector was measured for each scan line yielding the distribution shown in Figure 5a . Mean values of the measured reflection amplitude for all solutions matched well with the expected values from simulation of equation (2) 
Discussion
In medicine, the localization and evaluation of disease often requires the use of forward sensing devices such as endoscopes, laparoscopes, and needles. Various optical sensing devices have been integrated into these clinical tools in order to enhance the applicable range of optical techniques. Scattering, spectroscopic, and fluorescence measurement instruments have been integrated into these device, often with the aim of guiding biopsy procedures or evaluating diseased tissue without excision. [25] [26] [27] [28] [29] The results presented here have shown that needle-based refractive index measurement is also possible with a device appropriate for clinical application. Indeed, the size and construction of this device are compatible with commercially available 20 gauge core biopsy needle systems (Easy Core 20G, Boston Scientific, Natick, Massachusetts). The refractive index probe can be substituted for the cutting needle that is typically used to position a guide sheath prior to the insertion of the biopsy needle device. One possible application for this configuration is the guidance of needle biopsy procedures. Biopsy of breast lesions, for example, has a high non-diagnostic rate, often yielding samples that are insufficient for diagnosis.
[30] The use of optical information from the site of the biopsy could potentially augment the current practices of localization via ultrasound or X-ray stereotaxis. The (a) (b)
refractive index of breast tissue is best understood by considering recently published measurements of rat mammary tumor tissue.
[5] These data show refractive indices of n t = 1.390±0.028, n a = 1.467±0.026, and n s = 1.388±0.043 for tumor, adipose, and stroma tissues, respectively. The difference between the adipose tissues that comprise the majority of the breast and the fibrous/tumor tissues of interest during a needle biopsy procedure is approximately 0.077 from mean-to-mean and 0.010-0.023 one standard deviation from the mean. The needle-based device presented here has a measurement accuracy that is appropriate for differentiation between these tissue types.
In conclusion, we have demonstrated needle-based refractive index measurements of scattering solutions. The use of axial reflection gating enabled reflection refractometry measurements without the need for a priori sample scattering information, and randomization of the incident polarization state eliminated motion-induced polarization effects that otherwise would have compromised measurement accuracy. The device size and construction are suitable for clinical use and future work is planned to evaluate the potential role of refractive index measurements in clinical applications.
